and that its concentration tends to follow that of the plasma free fatty acids (FFA). for 14C experiments have been described in previous reports ( 7, 9, 10) . In this study, randomly 14C-labclcd glycerol was given as a constant intravenous infusion into a jugular vein for at least 5 hr and at a rate of lo-20 PC (46 ml)/hr.
The glycerol was dissolved in sterile 0.9 G/'c, NaCl and, except where indicated, only negligible weights of the labeled glycerol were infused ( < 0.1 mmole/hr).
A primer dose was not necessary in these glycerol-14C trials, as was the case in previous glucose turnover experiments (7, 9) , because of the rapid turnover or attainment of constant plasma glycerol concentrations and specific activities. In some experiments, the effects of I-norepinephrine, insulin,' or glucose on glycerol turnover and plasma concentrations of various metabolites were studied by infusing the compound 2 hr after beginning the infusion of labeled glycerol.
In these experiments, however, the utilization of glycerol was not always equal to the production since the plasma glycerol concentration was being altered by the infused hormone or glucose. The term GZyce~~l-~~C. Randomly YXabeled glycerol (New England-Nuclear Corp., Boston) was used in all experiments. The specific activity of the glycerol was measured by isolation and purification as the glycerol tribenzoate derivative by modifications of the procedure of Abraham and Hassid ( 1 )-C arrier glycerol (1 mrnole) was added to each neutralized plasma filtrate (14 ml) to increase the weight of precipitate. Recoveries, performed on each ample, were in the order of 20-40 % of the theoretical weight.
Corrections for this loss were always made on each sample by the following calculation: 14C (actual ,UC) in the 14-ml aliquot = (observed PC I% in final precipitate) X ( lOO/ 1, % recovery). The specific activity of plasma glycerol was then calculated by dividing the actual microcuries of 14C in the 14-ml aliquot by the quantity of glycerol carbon originally present in this aliquot, i.e., as determined by the glycerol dehydrogenase method.
Much of the glycerol -I% was converted to plasma glucose by the body and it was found that this labeled glucose interfered with the usual glycerol trihenzoate preparation ( 1) . Several modifications of this method therefore were devised (Table  1 ). It was found that glucose was most effectively removed by a double treatment of the 14 ml of neutralized filtrate, and added carrier glycerol, with 1 ml CuSO4 and I g Ca( OH)2 for 0.5hr (6) d b q an su se uent removal of the end products by ion-exchange resins (Amberlite IR-45 and IR-120 after conversion to the acidic form with I N HCI). Three milligrams of nonlabeled glucose were added between the first and second CuSOd-lime-resin treatments in order to dilute any glucose-14C remaining after the first step. Table 1 shows that this method was satisfactory in that it removed all but minute amounts of glucose-14C in the final product and that recoveries of glycerol-14C were still nearly complete ( After treatment with CuSC)~ , lime, and resins, the samples were evaporated in beakers over mild heat and a stream of nitrogen and dried overnight in a dessicator. After cooling on ice, 1 ml of pyridine and 0.4 ml of benzoyl chloride were slowly added. After standing 2 days in a dessicator, the mass or oil was transferred to a scparatory funnel with 30 ml of cold acidified water and extracted with about 40 ml of ethyl ether. The ether layer was then washed three times with 30 ml of saturated NaHCOx and two times with 30 ml of water. The ether extract was then evaporated in a centrifuge tube and the resulting oil dissolved in 2 ml of hot absolute methanol.
After cooling at -10 C for 20 min the tubes were scratched with a stirring rod to crystallize the glycerol tribenzoate.
The Fig. I . Nearly constant plasma concentrations and specific activities were obtained during the 7-hr period of infusion and this shows that the animals were in a reasonably constant or steady-state condition. The specific activities and concentrations of glycerol, however, usually were the most variable (SD within =t 10 %). All calculations of glycerol turnover were made on the basis of dilution of the 14C and in a similar manner as described previously for acetoacetate ( 10, 11). Briefly, this consisted of the following: glycerol turnover or production rate (in mmoles/hr) = (PC glycerol infused/hr)/( +/mole plasma glycerol carbon) X (3 or number of carbon atoms/glycerol molecule).
Exfierimental Conditions and Calculation of Results
A total of 26 glycerol-14C infusion experiments were performed and results typical of an individual experiment Table  2 ). The glycerol concentrations again were nearly constant during these two periods of infusions and the stated values are the mean of the values obtained.
The glucose concentrations increased slightly, presumably due to the glucogenic action of the bulk glycerol infused, but this would not affect the calculation of glycerol turnover in any way. The total glycerol turnover in these experiments increased by almost the same amount in both sheep so that the measured endogeneous glycerol turnover was within 3-5 % of the initial rate. In addition, further calculations of the data in et al. (4) for the turnover of FFA, reveal that the theoretical specific activity of the circulating glycerol, 0.5 hr after beginning an infusion of labeled glycerol, would be about 85 76 of its final or asymptotic value. After 1 hr, however, the specific activity would be about 98 % of the final value. Analysis of samples taken 1 hr or more after the beginning of infusion thus would be expected to closely estimate true glycerol turnover. In the present study, samples were always taken after this 1-hr time interval of labeled glycerol infusion and never earlier than 0.5 hr after injection of a hormone or compound which could alter the rate of glycerol production or turnover (production and utilization). It must be emphasized, therefore, that a theoretical error of as much as 15 % was present in these latter production rate measurements but that the theoretical error in the steady-state or turnover experiments would be expected to be minimal.
This problem of rapid changes in glycerol production and plasma concentrations (or pool size) and the resultant temporary incomplete mixing of glycerol in blood with that of other fluid compartments has been discussed by Have1 (21). These errors therefore exist but, nevertheless, the measured changes in glycerol production are still a valid index of hormone or metabolite action. Table 3 . The ketotic sheep of this study were arbitrarily divided into two groups on the basis of increasing plasma glycerol concentrations in order better to illustrate the relationships of hyperglycerolemia to glycerol turnover and the concentrations of other metabolites. In addition, the turnover rate measurements were expressed on the basis of metabolic size (kg3'") for ease of comparing animals that differ in body weight. Simple fasting increased the plasma concentrations of glycerol and its rate of turnover in the whole body but ketotic animals exhibited far greater increases (Table  3) . Furthermore, these plasma glycerol turnover rates and concentrations increased in proportion to one another and increased with increasing concentrations of plasma FFA. This clearly illustrates the marked mobilization of body fat that occurs during starvation and especially during ketosis. These findings also correlated with the increasing concentrations of total ketone bodies and the progressive decline in the plasma glucose. Individual experimental values correlating glycerol turnover with plasma glycerol concentrations are included in Fig. 5 and will be described in more detail in a later section.
E$ects of Norepinephrine
The effects of infusions of I-norepinephrine were studied in a series of seven experiments on normal nonpregnant sheep (Figs. 2 and 3; Table 4 ). Figure 2 illustrates the results of five of these experiments and shows the effects of graded doses of the norepinephrine on the plasma concentrations of glycerol, FFA, and glucose. The effects of norepinephrine infusions on plasma glycerol and FFA concentrations were approximately the same at the two highest infusion rates employed (0.5 and 1.0 pg/kg per min) which suggest a maximal response of the adipose tissue to norepinephrine. This was not the case with glucose, however (Fig. 2) . In all experiments, the concentration of plasma glucose, and presumably the utilization of glucose, increased and this may have been the cause of the gradual decrease in the glycerol and FFA concentrations during the continued Figure 3 illustrates one of two additional and more detailed experiments in which a submaximal amount of norepinephrine was infused. The rate of glycerol production was measured by the infusion of glycerol-r4C and the determination of plasma glycerol specific activities. It can be seen ( Fig. 3; Table 4 ) that the concentration of glycerol largely reflected the rate of glycerol production by the body rather than its rate of utilization. In addition, the production and concentration of glycerol declined earlier or faster than did the concentration of FFA. This latter finding also is evident in Fig. 2 . It is of further interest to note that the plasma ketone body concentrations increased in proportion to the plasma FFA but that there was a lag time of roughly 0.5 hr between their maximal changes (Fig. 3) .
Efects of Insulin and Glucose
These results are summarized in Table 4 and a typical experiment is illustrated as Fig. 4 Table 4. prolonged insulin infusion (Fig. 4) , however, a rebound in glycerol production and plasma concentrations of glycerol, FFA, and ketone bodies occurred which probably was due to the effects of the marked hypoglycemia, possible decreased glucose utilization, and subsequent release of adrenal medullary hormones. The production and concentration of glycerol again seemed to increase more rapidly than did the FFA concentration and, further, there again was a lag time of about 0.5 hr between the maximal concentration changes of plasma FFA and ketone bodies.
Relationshi;b of Glycerol Turnover to Plasma Glycerol Concentration Figure 5 graphically represents all of the individual data of this study (Tables  2, 3 , and 4) with regard to glycerol turnover per unit metabolic size and plasma glycerol concentration.
The regression line of this scatter diagram, as calculated by the method of least squares, shows a linear relationship of the glycerol turnover to glycerol concentration over the entire glycerol concentration range studied (30-300 PM).
There was a slight suggestion that glucose, insulin, or norepinephrine (closed circles, Fig. 5 ) may have altered the slope or intercept of this regression line but no statistically significant differences could be found between a regression line for these values alone and a line when these values were removed.
A single regression for all of the data therefore was calculated and presented. in various animal species ( 12, 19, 36, 41 ) is known to be small ( < 100 PM or 1 mg/ 100 ml) but that it increases during starvation and diabetes. which correspond to a turnover time of the free glycerol pool of only 11-25 min. The present results of 15-l 8 min in the sheep, which were obtained by assuming a glycerol distribution volume of 65 % of the body weight (24), thus are in close agreement with those of the previous investigators and no species difference seemed to be present. The mean concentration of glycerol in the plasma of the normal fed sheep (38 FM), however, was lower than the values of about 40-100 PM in postabsorptive humans (13, 14, 20, 35) and the mean value of 128 PM in unanesthetized dogs (41). Only when completely fasted for 3-5 days did the sheep of this study seem to have comparable plasma glycerol concentrations (mean, 88 PM) to other species. The ketotic and hypoglycemic sheep, however, had higher plasma glycerol concentrations (Table 3 ). The rate of turnover of free glycerol in the body fluids was considerable during hypoglycemia and ketosis and, when expressed on the basis of metabolic size, the rate of glycerol turnover was linearly related to its concentration in plasma (Fig. 5) (ZO) , that a certain agent or physiological state can change the utilization of glycerol without first altering its production and thcrcfore its concentration.
The effects of norcpinephrine on increasing the concentration of glycerol or FFA in several species of animals and in man are well documented in the literature (4, 14, 17, 19, 21, 27, 32, 35, 38 ) and the present results confirm these findings for the ruminant.
These data show a close relationship between glycerol and FFA and further show that norepinephrine directly stimulates lipolysis of triglycerides and subsequent release of glycerol and FFA from the adipose tissue. The main effects of norepinephrine do not, therefore, appear to be on the reesterification or lipogenic proccsscs, and this action of norepinephrine in the ruminant seems identical to its action in other mammals (22) . In the present experiments on the ruminant an infusion rate of 0.5 pg/kg per min apparently elicits a maximal response of the adipose tissue since higher infusion rates produced nearly identical glycerol and FFA concentrations (Fig. 2) . Xo maximal response of the blood glucose was obtained, however, since the blood glucose concentration progressively increased as the norepinephrine infusion rate was increased.
When subrnaximal amounts of norepinephrine were infused, the increase in fat mobilization, as evidenced by the increase in glycerol and FFA concentrations and production, was not sustained (Figs. 2 and 3) . A possible explanation for this phenomenon is that norepinephrine gradually reduced the rate of blood flow through the adipose tissue. A more likely explanation is that the utilization of glucose by adipose tissue increased as a result of the marked rise in blood glucose concentration. Glucose injections are known to decrease fat mobilization and thus could overwhelm the effect of sustained norepinephrinc infusion. Have1 and Goldficn (23) have reported a similar transient action of epinephrine on FFA mobilization in the dog. Norepinephrinc infusions in the dog, however, did not cause an increase in blood glucose and therefore resulted in a sustained elevation of the plasma FFA. Thus, it is possible that this represents a species difference in the response of blood glucose to norepinephrine.
Glucose and insulin injections, presumably by the process of increasing the utilization of glucose, have been reported to decrease the concentration of glycerol in the body fiuids ( 14, 20, 35) . Data on their effects on actual glycerol release or production by the adipose tissue in vivo are limited (21). The rate of glycerol production by adipose tissue in vitro is not, usually altered by insulin or glucose, so it is usually stated that these agents affect only the reesterification process (lipogenesis) in adipose tissue rather than the lipolytic process (17, 37). A n exception to this, however, is that insulin has been found to have direct antilipolytic effects in the absence of albumin and furthermore that these effects are independent of its actions on glucose metabolism (25), Since glycerokinase apparently is absent in adipose tissue, it is thought that glycerol cannot be utilized by the adipose tissue but must be synthesized from glucose or an equivalent substrate (40). The present results in ketotic sheep nevertheless show that glycerol production was decreased during the infusion of glucose or insulin. These results also are in agreement with those of Carlson and Oro ( 14) , who studied the combined effects of glucose and insulin on the release of glycerol by the abdominal adipose tissue of the dog, and those of Have1 and Carlson (21, 22) (Fig. 2) , the glycerol concentrations decreased even though the FFA concentrations remained elevated at a nearly constant level. This finding was unexpected since the turnover or replacement time of glycerol ( 15-l 8 min) is longer than that of FFA (2-3
